Climate warming and associated sea ice reductions in Antarctica have modified habitat conditions for some species. These include the congeneric Adélie, chinstrap and gentoo penguins, which now demonstrate remarkable population responses to regional warming. However, inconsistencies in the direction of population changes between species at different study sites complicate the understanding of causal processes. Here, we show that at the South Orkney Islands where the three species breed sympatrically, the less iceadapted gentoo penguins increased significantly in numbers over the last 26 years, whereas chinstrap and Adélie penguins both declined. These trends occurred in parallel with regional long-term warming and significant reduction in sea ice extent. Periodical warm events, with teleconnections to the tropical Pacific, caused cycles in sea ice leading to reduced prey biomass, and simultaneous interannual population decreases in the three penguin species. With the loss of sea ice, Adélie penguins were less buffered against the environment, their numbers fluctuated greatly and their population response was strong and linear. Chinstrap penguins, considered to be better adapted to ice-free conditions, were affected by discrete events of locally increased ice cover, but showed less variable, nonlinear responses to sea ice loss. Gentoo penguins were temporarily affected by negative anomalies in regional sea ice, but persistent sea ice reductions were likely to increase their available niche, which is likely to be substantially segregated from that of their more abundant congeners. Thus, the regional consequences of global climate perturbations on the sea ice phenology affect the marine ecosystem, with repercussions for penguin food supply and competition for resources. Ultimately, variability in penguin populations with warming reflects the local balance between penguin adaptation to ice conditions and trophic-mediated changes cascading from global climate forcing.
Introduction
Some of the clearest signals of regional climate warming come from the Antarctic Peninsula (Smith et al., 1999; Vaughan et al., 2001; Gille, 2002; Cook et al., 2005) , including significant long-term increases in air temperature, retreat of glaciers, and the collapse of large ice shelves. Emerging evidence suggests that warming has decreased the number of cold years with heavy winter sea ice and that as a consequence penguin populations are showing substantial concurrent population responses (Fraser et al., 1992; Fraser & Trivelpiece, 1996; Croxall et al., 2002; Smith et al., 2003) . Current hypotheses suggest that in general, in locations where species' breeding ranges overlap, sea ice reduction has produced habitat conditions more suitable for ice-intolerant species, which have increased in numbers, whereas ice-dependent species have declined. Nevertheless, contrasting trends in population processes at different sites within the Antarctic suggest that species specific responses to climate change are complex and differ regionally or even locally. Although sea ice affects penguin populations, the ecological mechanisms concerning the observed patterns of change and the nature of the links to climate warming are not clear .
The three pygoscelid penguins, Adélie (Pygoscelis adeliae), chinstrap (P. antarctica), and gentoo (P. papua) penguins, are all affected by changes in sea ice extent (Fraser et al., 1992; Trathan et al., 1996; Ainley et al., 1998; Wilson et al., 2001; Clarke et al., 2002; Kato et al., 2002; Smith et al., 2003) . The gentoo penguin is mainly subAntarctic with a subspecies confined to the Antarctic Peninsula. In the bulk of its range, it is a year round resident confined to inshore waters; its winter habitat on the Antarctic Peninsula is unknown. The Adélie penguin is a circum-Antarctic continental species, closely linked to ice and in winter the marginal ice zone, but extending north along the Antarctic Peninsula and Scotia Arc, effectively to the South Orkney Islands. Outside this range, it has only a small outlying population in the Southern South Sandwich Islands. The chinstrap penguin is essentially confined to the Antarctic Peninsula, its associated island groups and the South Sandwich Islands, just reaching South Georgia in the north. It occupies a niche usually regarded as complementary to the niche of the Adélie penguin in terms of marine habitat. Where the three species occur sympatrically, the primary cause affecting their ecological segregation appears to be adaptation to their preferred habitats (Lishman, 1985; Trivelpiece et al., 1987) . This adaptation is mediated by specific differences in foraging and migratory behaviour, life history tactics and breeding chronology. As their preferred habitat is largely defined by the presence/absence of sea ice (Lishman, 1985; Trivelpiece et al., 1987; Trathan et al., 1996; Clarke et al., 2002; Lynnes et al., 2004) , the links between sea ice and penguin population process are key to understanding population changes that occur as a consequence of regional warming.
Extensive ice cover in late spring and early summer is a physical barrier preventing the access of penguins with lower ice tolerances to the breeding colonies (Lishman, 1985; Fraser et al., 1992; Trathan et al., 1996; Ainley et al., 1998; Wilson et al., 2001; Rombolá et al., 2003; Lynnes et al., 2004) . On the other hand, regional sea ice variability limits the abundance of Antarctic krill (Euphausia superba), a dominant component of the penguin diet in some regions (Fraser et al., 1992; Fraser & Trivelpiece, 1996; Fraser & Patterson, 1997; Lynnes et al., 2002 , Fraser & Hoffman, 2003 Lynnes et al., 2004) . Sea ice modulates the factors controlling the distribution and biomass of phytoplankton that krill larvae require to ensure maximum rates of growth and recruitment (Quetin et al., 1996; Loeb et al., 1997; Ross et al., 2000; Siegel, 2000; Quetin & Ross, 2003; Atkinson et al., 2004) .
Given the strong linkages between sea ice, phytoplankton, krill and penguins, it is conceivable that the effects of global climatic anomalies on sea ice extent (e.g. White & Peterson, 1996; Kwok & Comiso, 2002) cascade to penguins through bottom-up control, (i.e. from prey to predators). Climate warming may change the species-specific optimum habitats through a combination of reductions in sea ice extent and increased variability in penguin food supply. Because food supply determines changes in all animal populations (Sinclair & Krebs, 2002) , major population declines are likely to result from reduced prey availability caused by the effects of warming on sea ice. In addition, population changes with warming may also occur with habitat modifications, expansions or reductions, related to changing regional sea ice conditions. Thus, our hypothesis was that concurrent population changes of the different species would result from the interaction of changes in food supply and habitat availability related to sea ice modifications with warming; and that population responses would be species-specific.
We investigated this hypothesis with abundance data from Adélie, chinstrap and gentoo penguins breeding sympatrically at Signy Island, South Orkney Islands, from 1978 to date. Signy Island provides ideal conditions for this study because: it is located at the northern limit of the distribution range of the ice-dependent Adélie penguin, at the centre of the chinstrap penguin distribution and at the southern limit of the studied gentoo penguin sub-species distribution; the summer diet of all three species is highly dominated by Antarctic krill (Lynnes et al., 2004, BAS unpublished data) ; and, the island is within a region where there is evidence of a strong warming trend in air temperature (Jones & Reid, 2001 ) and a decreasing trend in winter fast-ice duration (Murphy et al., 1995) . We investigated trends and major changes in the physical environment and in the breeding population of the three species over time. Regional trends in sea ice extent and air temperature at the South Orkneys were compared with SST in the tropical Pacific to investigate whether the response of regional penguin populations could be related to hemisphere-scale climate variability and, hence, were amenable to prediction based on global climate perturbations. We discuss our findings in the context of studies at other sites in Antarctica in order to assess common patterns in penguin population change.
Materials and Methods

Data
SST, air temperature and sea ice extent. Monthly ice-extent satellite data were obtained between January 1982 and April 2004, from the National Oceanographic and Atmospheric Administration (NOAA, U.S. Department of Commerce), at the U.S. National Center for Atmospheric Research (NCAR, web page: http://dss.ucar. edu/datasets/ds277.0/data/oiv2/mnly/data). The data were part of the OI V.2 set (Reynolds et al., 2002) . The data consist of counts of breeding pairs collected by two or more experienced observers. We considered the total number of breeding pairs as the sum of pairs in different breeding assemblages or subcolonies, each of which was counted every breeding season throughout the time series. Additional details on data collection can be found in Croxall et al. (1988) and Trathan et al. (1996) . Penguin subcolonies were defined as discrete assemblages of contiguous nests. Subcolonies were not closed demographic units despite the high level of philopatry reported in these species (Williams, 1995; Ainley, 2002) , which suggest that most pairs return to breed to the same subcolony every year when breeding is not deferred.
Analysis
To assess the sensitivity and quantify the limits of penguin responses to climate variability we investigated the long-term trends of the penguin populations monitored at Signy Island; and we characterized the temporal structure of the physical environment at the South Orkneys associated with climate variability. The lag structure of the physical environment was analysed in relation to the lag structure in penguin population changes.
Trends and correlations in the physical environment. Longterm trends in the air temperature and sea ice series were investigated with a seasonal decomposition based on a semiparametric regression with loess smoothing (Cleveland et al., 1990) . The seasonal component was removed from each monthly series and the new sub-series was smoothed to find long-term trends through several iterations. The residuals of the seasonal and trend fits were also removed, leaving a smoothed trend filtered for residual noise. The filtered series showed the succession of anomalies over time and was used in subsequent cross-correlation analyses between the three environmental data sets. These analyses investigated teleconnections (large-scale spatial and temporal relationships) between the physical environment at the South Orkneys and the climate-oceanic variability in the tropical Pacific Ocean. In addition, we used the predictive value of the Orcadas air temperature and the sea ice extent filtered series to assess the effects of the variability in the physical environment on penguin population changes.
Trends in breeding populations of penguins. Penguin population trends were investigated using an abundance index (Fewster et al., 2000) based on generalized additive models (GAMs; Hastie & Tibshirani, 1990) . Our analysis modelled the expected penguin counts in each year at different subcolonies, of which there were 8, 11, and 10 for Adélie, chinstrap, and gentoo penguins, respectively. The expected count m it in subcolony i and year t, was a function of an additive predictor with a subcolony effect B i and a smoothed function of time f(t), so that the total predicted count for N subcolonies and year t was
Estimates for the smoothed functions were obtained using GAMs with a cubic spline basis and assuming a Poisson error structure. The estimates were combined in an annual abundance index curve as
This index measured relative abundance with respect to the first year in each count series. By estimating the components of this index with GAMs, we modelled trends as a nonlinear function of time. In the GAMs, the higher the degrees of freedom selected, the more nonlinear was a fit allowed to be. Constraining the nonlinearity of our models by controlling the degrees of freedom allowed us to investigate both long and short-term fluctuations in penguin numbers. We selected the appropriate degrees of freedom following a sensitivity analysis.
The method of Fewster et al. (2000) allowed us to investigate population change points with a numerical analysis of second derivatives of the smoothed indices. Significant upward changes corresponded to a second derivative value above 0 and downward changes to a value below 0. The variability of the index (represented by the 95% confidence intervals) and statistical significance of the change points (5% level) were obtained by bootstrapping. We generated 1999 bootstrap samples which were combinations with replacement of the N subcolonies for each species and year. Because subcolonies varied in size for each species, each bootstrap sample chose subcolonies with replacement from different subcolony size categories. A new GAM, index, and second derivative analysis was produced with each bootstrap for inference purposes.
Changes in breeding populations of penguins with the environment. We developed semiparametric models derived from the mechanistic structure of the discrete time logistic models of Ricker (1954) to examine the causes of population changes and test our main hypothesis. The general model structure was
where the population size in a given year (t 1 1) related to the population in the previous year (N t ) as a function of endogenous forcing (negative feedback, NF) and exogenous forcing (or environment, climate, EF) and was expressed as a realized population growth rate on a log scale, R t ¼ logðN t =N tÀ1 Þ; a 0 was a coefficient to be estimated; and e t was stochastic noise. Our models were implemented using generalized additive mixed models (GAMM; e.g. Fahrmeir & Lang, 2001; Rupert et al., 2003) . In this context, nonlinear endogenous and climate effects could easily be modelled. Additionally, GAMMs allowed to consider penguin colony effects as random deviates of the mean population counts. See Appendix 1 for model definition and estimation details.
Results
Environmental trends and correlations
The smoothed air temperature series from Orcadas filtered for seasonality and residual noise had a periodicity in warm anomalies of approximately 3.5 years and an increasing long-term trend (Fig. 1, centre panel) . This periodicity was also apparent in the positive correlation lagged approximately 3 years between air temperature and sea ice extent (Fig. 1, lower panel) . The smoothed sea ice extent series showed an opposite pattern to the air temperature series and indicated a significant decrease (Po0.001), which was more obvious towards the end of the instrumental record (Fig. 2, lower panel) .
The highest correlation between El Niñ o 3.4 region SST and air temperature at Orcadas from 1950 to 2004 was negative and at a lag of 0 months (Fig. 1, top panel) . It was followed by a positive correlation at an approximate lag of 18 months, suggesting a strong connection between the tropical Pacific climate and that of the South Orkney Islands. Other significant positive and negative cross-correlations occurred with an approximate periodicity of 3 to 4 years.
The CCF between El Niñ o 3.4 region SST and sea ice extent from 1982 to 2004 had a pattern opposed to that of the CCF with air temperature (Fig. 1, centre panel) . This was explained by a high anticorrelation between surface air temperature and sea ice extent ( 
Trends in penguin populations and environment forcing
The number of breeding gentoo penguins increased significantly (Po0.001) at a mean annual rate of 5.5% between 1979 and 2004. During the same period, the number of chinstrap penguins declined significantly (Po0.001) at a mean annual rate of À1.2%. There was no dominant long-term trend in Adélie penguin numbers over the 26 years, although the trajectory increased significantly (Po0.01) between 1979 and 1986, and declined at a mean annual rate of À2. 8% between 1987 and 2004 (Po0.01) . Over the same more recent period, the mean annual decline of chinstrap penguins was À1.3% (Fig. 2, top panel) .
The abundance index analysis indicated synchronous change points in the population trajectories of chinstrap and Adélie penguins. The most consistent changes were upturns from low population levels occurring in 1985, 1991, 1995, and 2000 . Related significant changes in the gentoo penguin abundance index occurred in 1991 and 2000 (Fig. 3) .
Minimum breeding population levels occurred with minima of sea ice extent observed in the same or immediately previous years. There was a remarkable parallelism in the smoothed sea ice trends and the trends in Adélie and chinstrap penguin abundance.
However, the chinstrap abundance index showed marked population upturns after decreases occurring in years with extensive ice cover. These were 1981 (sea ice data not shown, but see Lishman, 1985; Trathan et al., 1996) , and years 1988 and 1998. In 1998 the persistence of ice cover during the chinstrap-breeding season prevented the access of researchers to colonies and the data are thus unavailable. The extensive ice cover in 1998 caused a reduced chick production in chinstrap penguins (Lynnes et al., 2004) and a low return of breeders in other colonies at the South Orkneys (Rombolá et al., 2003) .
Based on the model selection algorithm, interannual population changes in gentoo penguins were best explained by changes with air temperature but not with ice. However, air temperature and sea ice extent were highly correlated (Fig. 1 ) and were likely to represent similar environmental effects on penguins. A linear increase in air temperature reduced subcolony size between years significantly (Po0.01; Fig. 4 ). These effects were best modelled with a residual error correlation structure described with a moving average of order 3. The effects of subcolony size in previous seasons, considered as direct or delayed negative feedback, did not improve the model fit, which was also not improved by including random effects for subcolony. This indicated that the size of the subcolonies did not interact with the environmental responses. Interannual population changes of Adélie and chinstrap penguins were best modelled as the result of the interaction between the environment and the size of each subcolony at time tÀ1. For both species, the best explanatory variables were subcolony as a factor (all factor levels significant Po0.001 in each species and model) and sea ice extent and air temperature. Because sample size was relatively low to fit many smooth functions in the same model, different models with each environmental variable and colony were fitted for Adé-lie and chinstrap penguins. The best options were the tensor product of sea ice extent and colony size at tÀ1, with a nonlinearity estimated as 7. Environmental forcing on penguin numbers was highly linear, except for air temperature on chinstrap penguins. Most of the nonlinearity was a consequence of combined effects of direct negative feedback and the environment (Figs 5 and 6 ). This means that the number of breeding penguins decreased in year t following increased air temperature and reduced sea ice extent at year tÀ1. There was an increase in negative feedback coupled with this environmental forcing. These feedback effects required the modelling of the residual error structure of each population trajectory as a moving average of orders 3 and 2 for Adélie and chinstrap penguins, respectively.
These results suggested the interaction between local 'ice events' mainly affecting access to breeding sites and drastic effects on penguin productivity in the years when the events occurred; and region or system-wide 'warming events' affecting levels of food availability and, thereby, impacting population processes at all levels and scales. The effects of this in relation to reduction in ice habitat were greatest for Adélie penguins and least for gentoo penguins.
Discussion
Trends in warming and sea ice extent
Our analysis indicated that variability in the tropical Pacific climate was highly correlated with sea ice phenologies and regional sea ice extent at the South Orkney Islands. Such teleconnections have already been suggested (Murphy et al., 1995; Peterson & White, 1998 ), but have not been associated with a recent decreasing trend in regional sea ice coverage at the South Orkneys. The strongest correlation between the Southern Oscillation Index and the polar climate anomalies has been found in the Bellingshausen, Amundsen, and Ross Seas. These climate anomalies are associated with recent anomalies in the sea ice cover in the same sectors of the Southern Ocean, and also to the reduced sea ice concentration in the western Weddell Sea (Kwok & Comiso, 2002) . These ice concentration reductions appear to be affecting the South Orkneys and the southern Scotia Sea as part of the same global processes. Because of the relatively short sea ice satellite record, it is unclear whether the observed decreasing trends in sea ice extent are part of natural decadal variation or indicative of global climate change. Nevertheless, our analysis showed a strong anticorrelation between air temperature and sea ice extent at the South Orkneys, and a cross-correlation pattern which suggests that the trends in both physical measurements are coupled and connected to the same global phenomena. If the unequivocal warming trends in air temperature at Orcadas (Jones & Reid, 2001 ) continue to hold a strong inverse relationship with sea ice extent, it is conceivable that there will be a continuation of the decrease in the frequency of years with high sea ice and an increasing trend in average ice-free periods.
Trends in regional sea ice coverage have revealed opposing Southern Ocean climate patterns (Stammerjohn & Smith, 1997; Vaughan et al., 2001) . These trends have important implications for marine ecosystems associated with sea ice habitats. However, the implications for habitats may be different with different regional climate patterns. Therefore, the interpretation of the effects of sea ice reduction on penguin populations has to be considered first in a regional context, and then at a more global scale, in relation with global climate perturbations.
Penguin population trends and environmental forcing
Our results showed opposing population trends between gentoo penguins, which increased, and chinstrap penguins, which consistently declined over the study period. Both trajectories were observed over a period characterized by long-term warming and regional sea ice reductions, which increased in frequency in the late 1980s. At this point, the population trajectory of Adélie penguins started to decline significantly. Positive anomalies in air temperature (negative anomalies in sea ice extent) potentially resulted in similar population changes (Figs 3 and 7) , suggesting the occurrence of temporary ecosystem modifications that affected the three species. Based on evidence from diet and breeding success studies of the same populations (Lynnes et al., 2004) , we believe that the effects on the biological environment were directly related to the physical en- vironment that altered the distribution and abundance of the main prey, Antarctic krill. A study of the breeding performance and diet of chinstrap and Adélie penguins at Signy Island from 1997 to 2001 (Lynnes et al., 2004) indicated that both species had breeding failures in 2000, during the most persistent negative anomaly in sea ice extent (Fig. 2) . These failures were associated with a reduction in Antarctic krill biomass, which represented over 99% of the penguin diet in summer (Lynnes et al., 2004) . That study supported the association of sea ice cycles and the persistent reduction of sea ice, with a 'senescence' of the cohorts dominating the krill populations exploited by penguins (Fraser & Hoffmann, 2003) . This process apparently led to failure of krill recruitment and reductions in krill biomass that were more apparent during the peak of negative sea ice anomalies. A study from 1987 to 1997 near Palmer Station, Anvers Island, western Antarctic Peninsula, related years of low krill abundance and poor Adélie penguin performance with similar sea ice cycles (cf. Fraser & Hoffmann, 2003) ; in particular, during seasons 1990/1991 and 1994/1995, which were also poor seasons at Signy Island (Fig. 3) . This low krill supply correlated with low krill densities at Elephant Island (cf. Fraser & Hoffmann, 2003) , situated 642 km NE of Palmer Station and 498 km W of Signy Island. Therefore, these low krill densities concurrent with sea ice anomalies at the South Orkneys (Fig. 2, lower panel) support the connection of the biological and physical environment between the western Antarctic Peninsula and the South Orkney Islands. The parallelism in sea ice trends and numbers of chinstrap and Adélie penguins at Signy thus suggest cycles of food shortage leading to declining numbers of breeders. Because of this parallelism, the sea ice extent in year tÀ1 was more positively correlated with penguin numbers in year t. However, sea ice cycles starting between 3 and 4 years before year t were the drivers of major krill shortage and low penguin population levels in year t.
A conceptual framework for penguin responses to climate warming in krill-dominated ecosystems Our results suggest that understanding the change of penguin populations in response to the environment depends upon the consequences of local 'ice events', regional or system-wide 'warming events', and the interaction between the two types of events. Local 'ice events' mainly affected the access of penguins to breeding sites and had consequences for breeding success in the years when the events occurred, and possibly reduced recruitment in subsequent years. Regional or system-wide 'warming events' affected levels of food availability and, thereby, impacted population processes at all levels and scales, with consequences for breeding success and most likely for adult survival.
Major population changes simultaneous with climate warming are likely to result from major food web modifications and reductions in food supply. Persistent climate anomalies reducing the winter/spring sea ice extent appear to affect the recruitment and biomass of the krill exploited by penguins (see also Wilson et al., 2001; Fraser & Hoffmann, 2003) ; penguin population responses are also consistent with the duration of the anomalies that affect krill; these usually become manifest during the breeding season although they may operate before arrival. For example, impacts upon the number of breeding pairs could result from interactions that affect survival and/or foraging success over the winter period prior to the breeding season (Trathan et al., 1996) ; this may act over a number of weeks (or months) to impact upon body condition and subsequent ability to breed. However, the consequences for different species depend upon their affinity with ice-dominated habitats, breeding chronology, and their ability to exploit ecological niches made available through ecosystem changes that result from warming.
Adélie penguins are likely to be the species most affected in areas of prevailing maritime control of the climate regime, as are the Antarctic Peninsula and their associated Antarctic Islands. Adélie penguins prefer habitats dominated by pack-ice, and for that reason are thought to need the least amount of time in spring to occupy nest sites and rear their chicks prior to returning to the sea ice to molt (Ainley, 2002) . With very low sea ice extent and low food availability they may experience increased intraspecific (Figs 5 and 6) and potentially interspecific competition (Lynnes et al., 2002) during the limited time that they have to complete their breeding cycle. In contrast, they will take advantage of an average or good food supply when sea ice cover outlasts the onset of the breeding seasons of their congeners, which will likely be less successful. With climate warming and continued sea ice reductions, Adélie penguins will have fewer occasions to successfully complete their breeding cycle. They will be operating under extreme conditions within their distribution and habitat preferences, which will favour their congeners. By being less buffered against the environment, their responses may be linear (e.g. Fig. 7 ), most likely reflecting decreases in their more variable populations trajectories (e.g. Fig. 3 ).
Chinstrap penguins are restricted to the maritime portion of the northern part of the Antarctic zone and to sub-Antarctic islands (Williams, 1995) . They are unaffected by sea ice, which partially occupies their distribution range in summer, unless it is so extensive that it impedes the access to their breeding colonies (Fig. 3) . With low ice and consequent low food supplies during their breeding season, chinstrap penguins will likely increase foraging effort. Still, they may be able to segregate their feeding range from that of Adélie penguins (Lynnes et al., 2002) , given the differences in the two species breeding cycle chronologies (Trivelpiece et al., 1987; Williams, 1995) . Being constrained by extreme sea ice cover and also by very low sea ice extent, chinstrap penguin breeding population responses to the environment may be less linear than those of Adélie penguins (Fig. 7) . With climate warming, by being adapted to ice-free conditions they will be better buffered against the environment, their populations will be less variable (Fig. 3) and their responses to low food supplies will be nonlinear, driven by extreme events (Fig. 7) . The number of years with unimpeded access to the colonies will likely increase, allowing for range expansion in areas where sea ice has receded and competition for food is low. Reductions in sea ice extent may favour the increase in founder colonies. However, with potential reductions in food supply, intraspecific competition for resources will likely increase (Figs 5 and 6) and established breeding colonies could decline.
Gentoo penguins feed close to their colonies, which are generally established in flat ice-free areas in the Antarctic zone and on sub-Antarctic islands. The long time between the egg pre-laying activities and fledging of their chicks necessitates that they remain close to their breeding sites longer than their congeners (Williams, 1995) . The comparably high energy demands of their breeding cycle and the need for continuous short foraging trips at sea limit their foraging ranges in distance, but also potentially the maximum size of their breeding aggregations (Trivelpiece et al., 1987; Williams, 1995) . Therefore, they exploit a different niche and a different, perhaps more constant food source than their congeners (Croxall & Davis, 1999) . With climate warming and reduced sea ice extent, their breeding ranges can expand to areas which previously provided unsuitable habitats. Small established or founder breeding colonies can grow to carrying capacity levels of their new habitats. This is likely to be the case of increases in colony size observed at the South Orkneys and other areas. However, populations will mostly be limited by shortages in the main food supply driven by sea ice cycles. Given their remarkable inability to cope with extreme food shortage (Croxall & Davis, 1999) , their responses in established colonies to environmental change will be nonlinear (e.g. Trathan et al., 2006) .
Contrasting regional trends and climate warming
A number of factors associated with regional warming have been suggested as drivers of penguin population changes (e.g. Ainley, 2002) , but causal mechanisms remain equivocal . There is however a prevailing hypothesis that the decreasing number of cold years with heavy winter sea ice has produced habitat conditions more suitable for ice-intolerant, as opposed to ice-dependent species (Fraser et al., 1992) . At Arthur Harbor (Palmer Station, Antarctic Peninsula), chinstrap, and gentoo penguins, the more ice-intolerant species, have increased, whereas the ice-dependent Adélie penguins have decreased (Smith et al., 2003) . In contrast to Signy Island, which is at the centre of the chinstrap penguin distribution range and where chinstrap penguins have been slowly declining, Palmer Station is at the southernmost edge of the chinstrap distribution (Fig. 1, p . 526 in Fraser et al., 1992) . This species only established founder colonies in 1977 (Smith et al., 2003) and, therefore, both numbers and intraspecific competition are likely to be low, allowing for increasing trends. Nevertheless, the same physical and biological processes now limiting Adélie and chinstrap penguins at Signy Island could affect chinstrap penguins at Palmer Station with the build up of breeding numbers over time (e.g. Fig. 5 ). Adélie penguins at King George Island and Anvers Island, which are not far from Palmer station, had negative population changes in 1991 and 1995 (Fraser & Patterson, 1997; Trivelpiece & Trivelpiece, 2001 ). These population downturns apparently related to low krill abundance and sea ice (Fraser & Hoffmann, 2003) and they were concurrent with population downturns of chinstrap and Adélie penguins at Signy Island. Further research on the environmental consequences for chinstrap penguins at Palmer Station would help understand the common effects of global climate variability on penguin population changes.
Trends in Adélie penguins appear to have increased in other locations where food chains may be less Antarctic krill-dependent and local conditions may be more stringent than in the Antarctic Peninsula: in East Antarctica, in the Indian Ocean, many of the colonies near Syowa Station appear to have increased (Kato et al., 2002) ; and at the Ross Island, Ross Sea, colonies have also increased (Wilson et al., 2001) . In these areas, Adélie penguin increases are attributed to improving spatial and temporal access to nesting and foraging habitats because of earlier sea ice breakout and the formation of polynyas close to land margins. Nevertheless, some of the global climate effects observed at Signy Island and the Antarctic Peninsula appear to have caused interannual reductions in Adélie penguin numbers at Ross Island, and perhaps at Syowa Station. In particular, during the climate anomalies of 1990 and 1994. El Niñ o-Southern Oscillation (ENSO) variability in the tropical Pacific is known to propagate through atmospheric and oceanic processes with a cyclical signal of 4-5 years (Peterson & White, 1998) . The strongly coupling of the atmosphere-ocean-sea-ice systems and the precession of ENSO anomalies reflect on sea-ice anomalies in different regions of Antarctica according to the dominant cyclical signal. These anomalies appear to affect the populations of Adélie penguins in the Ross Sea (Wilson et al., 2001) . Therefore, the direct attribution of penguin trends in some regions to climate change cannot be ruled out. Some ecosystem changes occur at scales longer than the available biological records and may remain unnoticed unless studied with appropriate methods (e.g. Emslie et al., 1998) . In order to understand why these changes occur, it is necessary to understand which are the optimal regional conditions for penguin populations. At a larger space and time scale, such regional changes may be put in the context of more global phenomena.
Sea ice phenology near penguin breeding colonies represents an integrated response to changes in climatic conditions. Ice break-up date generally reflects spring warming rates for the previous months. Assuming that some variability in the spatial and temporal availability of sea ice is the optimal condition, climate warming could simultaneously force an increase or decrease in penguin populations depending on what species-specific factors limit their populations (Fraser & Trivelpiece, 1996) . In areas where the penguin food supply depends on sea ice as a more permanent feature of the marine environment, climate warming is likely to cause simultaneous population declines among sympatric species. Changes in sea ice phenology may result in substantially longer ice-free seasons and in consistent trends toward late autumn freezing and earlier spring break-up. In these conditions, Adélie penguins will be less buffered against the environment and at a disadvantage to chinstrap and gentoo penguins, which are more adapted to ice-free conditions. However, chinstrap and Adélie penguins will be at a disadvantage to gentoo penguins, which may be able to exploit a different niche less affected by sea ice reductions. Ultimately, population variability will likely reflect the local balance between penguin adaptation to ice free conditions and trophic mediated changes cascading from climate forcing.
